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0022-2836 © 2012 Elsevier Ltd. Open accThe enzyme aldos-2-ulose dehydratase/isomerase (AUDH) participates in
carbohydrate secondary metabolism, catalyzing the conversion of gluco-
sone and 1,5-D-anhydrofructose to the secondary metabolites cortalcerone
and microthecin, respectively. AUDH is a homo-dimeric enzyme with
subunits of 900 amino acids. The subunit consists of a seven-bladed β-
propeller domain, two cupin folds and a C-terminal lectin domain. AUDH
contains a structural Zn2+ and Mg2+ located in loop regions and two zinc
ions at the bottom of two putative active-site clefts in the propeller and the
cupin domain, respectively. Catalysis is dependent on these two zinc ions,
as their speciﬁc removal led to loss of enzymatic activity. The structure of
the Zn2+-depleted enzyme is very similar to that of native AUDH, and
structural changes upon metal removal as the cause for the catalytic
deﬁciencies can be excluded. The complex with the reaction intermediate
ascopyrone M shows binding of this compound at two different sites, with
direct coordination to Zn2+ in the propeller domain and as second sphere
ligand of the metal ion in the cupin domain. These observations suggest that
the two reactions of AUDH might be catalyzed in two different active sites,
about 60 Å apart. The dehydration reaction most likely follows an
elimination mechanism, where Zn2+ acts as a Lewis acid polarizing the
C2 keto group of 1,5-D-anhydrofructose. Abstraction of the proton at the C3
carbon atom and protonation of the leaving group, the C4 hydroxyl moiety,
could potentially be catalyzed by the side chain of the suitably positioned
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280 Crystal Structure of AUDHIntroduction
During the degradation of lignocellulose and other
polysaccharides by certain fungi, aldopyranoses
such as glucose are converted to their corresponding
2-ketoaldoses (aldos-2-uloses) by the ﬂavine-depen-
dent enzyme pyranose oxidase.1 This reaction
generates hydrogen peroxide required by peroxi-
dases as co-substrate for the oxidative degradation of
lignin. Glucosone, resulting from the oxidation of
glucose, is then further metabolized by the enzyme
aldos-2-ulose dehydratase/isomerase (AUDH, EC
4.2.1.110) to cortalcerone (2-hydroxy-6H-3-pyrone-2-
carboxaldehyde hydrate) (Fig. 1a),2-4 a secondary
product with antimicrobial properties. In the anhy-
drofructose pathway, glycogen and starch are
degraded to 1,5-D-anhydrofructose (AF), which in
certain fungi and red algae is converted by the same
enzyme to microthecin [2-hydroxy-2-(hydroxy-
methyl)-2H-pyran-3(6H)-one] (Fig. 1a). 2,5,6 This
metabolite shows antibacterial activity against
Gram-positive and Gram-negative bacteria, in parti-
cular against the opportunistic pathogenPseudomonas
aeruginosa.7
The enzymatic reaction consists of two steps, a
dehydration leading to the reaction intermediate
ascopyrone M (APM, 1,5-anhydro-D-glycero-hex-3-
en-2-ulose), followed by a complex isomerization of
this intermediate to the ﬁnal product (Fig. 1b).
AUDH is thus not a typical dehydratase found in
carbohydrate metabolism8 because it catalyzes two
different enzymatic reactions (Fig. 1b). APM had
been proposed as an intermediate in the enzymatic
conversion of AF to microthecin,2,9 and its existence
has recently been established experimentally.5,10
AUDH has been isolated from fungi and red algae
and partially characterized from the morelsMorchella
costata and Morchella vulgaris, 2 the red algae
Gracilariopsis lemaneiformis9 and the white rot fungus
Phanerochaete chrysosporium.4,5 The enzyme from
P. chrysosporium is a homo-dimer in solution, with a
molecularmass of 99 kDa per subunit. Activity assays
and spectroscopic characterization of AUDH did not
provide any ﬁrm evidence for cofactors or prosthetic
groups, but the enzyme from P. chrysosporium was
inhibited by the addition of 50 mM ethylenediamine-
tetraacetic acid to the assay mixture.4
We were intrigued by the reaction catalyzed by
AUDH and have therefore initiated a structure
analysis of this enzyme. A search of the Protein Data
Bank (PDB) using the amino acid sequence of
AUDH did not result in any related proteins of
known structure. The crystal structure analysis
revealed that the enzyme subunit is built up of
three domains, an N-terminal seven-bladed propel-
ler, a bicupin and a C-terminal lectin domain. The
closest structural relatives to the individual domains
of AUDH are the human β-propeller WD40 protein
Ciao1 with a sequence identity of 9% (3FM0,Structural Genomics Consortium), the cupin protein
from Desulﬁtobacterium hafniense with a sequence
identity of 16% (PDB ID: 2OZJ, Joint Center for
Structural Genomics) and a mosquito toxin11 with
a sequence identity of 14%. The enzyme contains
four metal ions, a structural Zn2+ andMg2+ and two
Zn2+ bound in putative active-site clefts of the
propeller and one of the cupin domains. Removal of
the two active-site Zn2+ results in loss of catalytic
activity, demonstrating that the overall reaction is
metal dependent. The reaction intermediate APM
binds to both active sites, suggesting that the
dehydratase and isomerase reactions could occur
in two separate active sites. We propose that the ﬁrst
step of the reaction, the dehydration of AF to APM,
occurs in the propeller domain, with the catalytic
metal ion acting as a Lewis acid.Results
Amino acid sequence of AUDH
The gene coding for AUDH was cloned from P.
chrysosporium cDNA using primers based on the
genomic DNA†12 and partial amino acid sequences,
obtained from puriﬁed, native enzyme. The cloned
AUDH gene codes for a protein of 900 amino acids,
with a calculated pI of 5.46 and an expected
molecular mass of 98,746 Da. The complete amino
acid sequence of AUDH has been deposited with the
Swiss-Prot Data Bank under accession number
P84193. A BLAST search of protein sequence data
bases does not show any proteins with overall
sequence identities above 18% with the exception of
two hypothetical proteins from Aspergillus nidulans
and Aspergillus oryzae (GenBank accession numbers
67538220 and 317141575) with 25% and 23%
sequence identities, respectively.
The AUDH gene Audh; ph.chr was successfully
expressed in the yeast Hansenula polymorpha. The
recombinant enzyme showed a molecular mass of
98.7 kDa, a pI of 5.2–5.3 and pH optimums for APM
and microthecin formation of 5.5 and 7.5, respec-
tively. The Km values determined for AF, glucosone
and xylosone were 5.4, 7.4 and 113 mM, respective-
ly. These biochemical parameters are similar or
identical with those obtained for AUDH puriﬁed
from P. chrysosporium.4–6
Overall structure of the subunit
The AUDH subunit consists of three domains, all
of β structure; the N-terminal domain with a β-
propeller fold, a middle domain containing two
cupin folds and a C-terminal lectin domain (Fig. 2a).
Fig. 1. (a) Reactions catalyzed by AUDH. (b) Conversion of AF to microthecin by AUDH.
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Fig. 2. Overall structure of AUDH. (a) Schematic stereo view of the domain structure of the AUDH subunit. The
N-terminal propeller domain is shown in red; the two cupin domains are in green and yellow, respectively; and the
C-terminal lectin domain is in blue. The anomalous electron density map (blue mesh), contoured at 5σ, is overlaid to
highlight the positions of the two catalytic zinc ions (Site_1 and Site_3) and the structural Zn2+ (Site_2). The structural
Mg2+ is represented as a green sphere. Loops that contribute to the domain interfaces are marked IL1–IL10. (b) Two
schematic, orthogonal views of the AUDH dimer. Distances between the two active sites, (53 Å inter-dimer and 63 Å
intra-dimer distances) are given in the right image.
282 Crystal Structure of AUDHThe N-terminal domain (residues 1–433) is folded
into a seven-bladed β-propeller, where each blade is
made up of a four-stranded, antiparallel β-sheet. As
in other proteins that display this fold, the propeller
is closed by forming the four-stranded β-sheet of
blade 7 from the two termini of the domain. The
outmost strand of the sheet is provided by the N-
terminus, whereas the remaining part of the sheet is
formed by the C-terminus. The seven blades are
radially arranged around a central channel that has
a conical shape with a diameter at the rim of the
opening of approximately 24 Å and gradually
closing as it extends into the interior of the domain.
In the interior of the channel, on the propeller axis,one of the Zn2+ sites of AUDH is located. The metal
site and surrounding amino acids close off the
channel, preventing free passage of solvent and
ligands through this tunnel. The metal ion itself is
accessible from the bulk solution only from the
opposite side of the propeller through a small cleft
extending from the protein surface.
A search of the PDB for structurally homologous
propeller domains results in a number of related
proteins, with the highest Dali Z score of 27.0 for the
human WD40 protein Ciao1 (3FM0, Structural
Genomics Consortium) and an r.m.s.d. value of
3.0 Å for 328 equivalent Cα atoms. However, of the
proteins in the PDB with a seven-bladed β-propeller
283Crystal Structure of AUDHfold, only one shows a sequence identity to AUDH
of N10%, rhamnogalacturonan lyase from Bacillus
subtilis13 (13%), and superimposition results in an
r.m.s.d. value of 3.8 Å for 283 equivalent Cα atoms.
The middle domain (residues 434–739) contains
two β-sandwich structures with a topology charac-
teristic of the cupin fold. The β-sandwich of the ﬁrst
cupin subdomain (residues 434–573) is built up of
four and ﬁve β-strands, respectively. In the other
subdomain (residues 574–739), the two antiparallel
sheets that build up the jellyroll sandwich fold are
also formed from four and ﬁve β-strands, respec-
tively. However, the larger β-sheet is extended on
either side by one and two β-strands, respectively,
provided by the ﬁrst cupin subdomain. Superposi-
tion of the two cupin folds gives an r.m.s.d. value of
2.5 Å, based on 77 equivalent Cα atoms of a total of
139 and 165 residues per subdomain, respectively.
Structure-based sequence alignments of the two
subdomains resulted in six invariant residues
among the structurally equivalent amino acids
(7.8% sequence identity). Two of these residues
most likely are structurally important as they are
located in turns, and three of the remaining invariant
residues contribute to the hydrophobic cores of the
subdomains. In the cleft formed by theβ sandwich of
subdomain two, a Zn2+ is bound, but the corre-
sponding metal binding residues are not conserved
in the ﬁrst cupin subdomain. Taken together, these
ﬁndings do not support a case of gene duplication.
A search of the PDB using the coordinates for the
middle domain of AUDH results in a large number
of similar structures, reﬂecting the ubiquitousness of
the cupin fold; however, the orientation of the two
cupin domains relative to each other is different
from those in bicupin proteins of known structure.
The sequence identities to the closest relatives of the
cupin superfamily are low. For the ﬁrst cupin fold,
the closest structural homologue is a cupin protein
from D. hafniense (PDB ID: 2OZJ, Joint Center for
Structural Genomics) with 16% sequence identity,
and for the second cupin fold, the closest relative is a
cyclic nucleotide binding domain from Methyloba-
cillus ﬂagellatus (PDB ID: 3GDY, Joint Center for
Structural Genomics) with 12% sequence identity.
Other related proteins with Z scores around 7 to the
cupin subdomain 1 are, for example, the second
subdomain of a putative oxalate decarboxylase,14 a
manganese-containing cupin15 and the auxin bind-
ing protein.16 Superposition of the domains results
in typical r.m.s.d. values in the range of 2.4–3.2 Å,
based upon about 100 equivalent residues. The
auxin binding protein, the oxalate decarboxylase
and the manganese-containing cupin all contain
bound metal ions, which superpose well with the
Zn2+ binding site in the bicupin domain of AUDH.
A short linker connects the C-terminal domain
(residues 740–900) to the rest of the enzyme subunit.
This domain displays the β-trefoil fold, ﬁrst de-scribed in the ricin B chain17 and subsequently
found in a number of hydrolases, cytokines, toxins
and lectins. The domain is built up by a motif of four
β-strands that are repeated three times and result in
a pseudo-3-fold symmetry of this motif. Two β-
strands from each repeat together form a six-
stranded, antiparallel β-barrel. A characteristic
feature of this fold, although not completely
conserved in the family, is the Q-x-W ﬁngerprint.18
In AUDH, this sequence motif is found in only one
of the repeats and is replaced in the other two
internal repeats by an S-x-W sequence.
The closest structural relatives, with Dali Z scores
of around 19–20, are a mushroom lectin19 and a
mosquito toxin,11 with sequence identities of 12%
and 14% to the C-terminal domain of AUDH,
respectively. The mushroom lectin binds saccha-
rides in a manner typical for this family, and in spite
of the lack of overall sequence homology, the folds
of the three carbohydrate binding motifs, corre-
sponding to residues Lys766–Gln790, Cys815–
Ser839 and Ser867–Ser892 in AUDH, are conserved.
One of these putative carbohydrate binding pockets
is involved in subunit–subunit interactions in
AUDH and is inaccessible, but the remaining two
sites could potentially fulﬁll a carbohydrate binding
function of the C-terminal domain.
The tightest domain–domain interactions in the
subunit are found between the N-terminal and the
middle domains, whereas there are fewer contacts
between the middle and the C-terminal domains
and none between the N- and C-terminal domains
(Fig. 2a). The interface between the N-terminal and
the bicupin domains of 830 Å2 is formed between β-
strands 1 and 30, both from blade 7 of the propeller
domain, that pack against strand 31 of the bicupin
domain. Additional interactions involve the inter-
face loops IL1 (Gln15–Pro20) and IL2 (Val70–Thr84)
together with IL3 (Asp344–Glu349, containing the
structural Zn2+) of the propeller domain that contact
loops IL6 (Pro563–Pro567) and IL4 (Ser453–Phe456),
respectively, of the bicupin domain. The interface
between the bicupin and the lectin domain is smaller
in size (660 Å2). Aside from residues of the linker
region, this interface involves the loops IL5 (Pro510–
Phe512) and IL7 (Arg691–Trp708) from the bicupin
domain and the loops IL8 (Pro798–Thr800), IL9
(Ala834–Gly836) and IL10 (Pro856–Asp859) from
the lectin domain (Fig. 2a).
Quaternary structure
The asymmetric unit of the crystal contains one
polypeptide chain. However, analysis of crystal
packing shows that one interface with an adjacent
molecule in the lattice is signiﬁcantly larger than
typical crystal contacts, 2800 Å2 versus 600 Å2,
suggesting that the enzyme is a dimer in the crystal
(Fig. 2b). This observation is consistent with data
284 Crystal Structure of AUDHfrom solution studies of AUDH from P. chrysospor-
ium that indicated a dimeric structure.5 The dimer is
formed primarily through tight interactions be-
tween the cupin and the lectin domains, that is, the
second cupin subdomain interacts with its counter-
part and the lectin domain from the second subunit
and vice versa. This interaction interface comprises
about 70% of the total buried surface area. Another
interface area is formed between the N-terminal
propeller domain of subunit A with the propeller
domain and the ﬁrst cupin subdomain from subunit
B and vice versa. In total, 26 hydrogen bonds and
8 salt bridges are present within the dimer interface,
of which 19 hydrogen bonds and 5 salt bridges arise
from the cupin subdomains, 6 and 3 arise from theFig. 3. Secondary structure representation of AUDH. Theme
boxes: structural Mg2+, green; Site_1 Zn2+, blue; Site_2 structu
with bound ligands are marked by blue (APM at site 1) and red
dimer interface are underlined. The ﬁgure was prepared usinlectin domain and only 1 hydrogen bond arises from
the propeller domain. The amino acid residues
involved in dimer formation are mostly located in
loops (76%) and to a lesser extent in secondary
structural elements such as β-strands (16%) and
helical turns (5%) (Fig. 3).
Metal binding sites in AUDH
During crystallographic reﬁnement, it became
clear that AUDH contains several metal binding
sites. An X-ray ﬂuorescence emission spectrum
recorded from a crystal of native AUDH revealed
the presence of zinc, and we therefore collected a
data set at the Zn K absorption edge (Table 1). Thetal binding amino acid residues are highlighted by colored
ral Zn2+, pink; and Site_3 Zn2+, red. Residues interacting
(APM and AF at site 3) triangles. Residues involved in the
g ESPript.20
Table 1. Statistics of data collection and reﬁnement
Native AUDH Native AUDHa Hg-AUDH Zn2+-free AF AUDH–APM
Data collection
Beam line ID14:2, ESRF ID29, ESRF I911-3, MAXlab BM30:A, ESRF ID14:2, ESRF
Wavelength (Å) 0.933 1.282 1.006 1.283 0.933
Space group P21212 P21212 P21212 P21212 P21212
Cell axes (Å) 133.0, 79.7, 96.9 132.9, 80.1, 97.2 132.4, 79.5, 96.6 132.5, 85.2, 97.5 132.2, 82.7, 90.0
Resolution (Å) 37.0–2.0 (2.1–2.0)b 78.0–2.4 (2.5–2.4) 78.0–2.1 (2.21–2.1) 70.0–2.80 (2.95–2.8) 42.0–2.60 (2.7–2.6)
Rsym (%) 8.9 (46.9) 7.1 (37.9) 6.3 (45.1) 10.4 (38.7) 12.0 (54.8)
I/σ(I) 11.1 (2.2) 10.0 (2.0) 21.7 (2.7) 5.5 (2.1) 8.4 (2.2)
Completeness (%) 96.0 (85.0) 99.1 (99.1) 97.5 (84.7) 88.5 (90.3) 93.2 (99.3)
Multiplicity 4.8 (3.3) 4.0 (3.4) 6.8 (4.5) 2.5 (2.5) 4.0 (3.6)
No. of reﬂections 321,295 (27,858) 161,481 (19,826) 407,381 (33,960) 58,242 (8577) 133,036 (17,309)
No. of unique reﬂections 67,041 (8531) 40,826 (5909) 60,296 (7505) 23,405 (3451) 33,047 (4806)
Wilson B-factor (Å2) 24.3 49.8 37.0 54.0 45.6
Reﬁnement
Resolution (Å) 36.0–2.0 56.8–2.8 41.3–2.6
R/Rfree (%) 17.2/21.8 18.4/26.2 19.4/26.7
No. of non-H atoms
Protein 6827 6796 6821
Metal ions 4 2 4
Solvent 553 62 189
Ligands — 22 20
B-factors (Å2)c
Protein 31.0 36.8 35.9
Water molecules 36.3 23.3 23.6
Metal ions 28.0 41.0 47.0
Ligands — 44.4 41.6
r.m.s.d. bond lengths (Å) 0.018 0.011 0.013
r.m.s.d. bond angles (°) 1.815 1.548 1.684
Ramachandran plot (%)
Favored 94.5 92.2 93.7
Allowed 4.6 6.9 4.7
Disallowed 0.9 0.9 1.6
a Data set collected at Zn K edge.
b Numbers in parentheses are for the highest-resolution shell.
c Including TLS contribution.
285Crystal Structure of AUDHresulting anomalous difference electron density map
allowed the unambiguous location of three zinc
binding sites in AUDH (Fig. 2a).
The N-terminal propeller domain contains two
Zn2+ binding sites. One of the Zn2+ binding sites
(Site_1) is located at the bottom of the solvent-ﬁlled
channel that extends from the surface into the
propeller domain. The metal ion is bound in
tetrahedral coordination geometry to His215,
His295, His337 and a water molecule, with typical
metal–ligand distance in the range of 2.0–2.1 Å.
The second Zn2+ site (Site_2) in this domain is
located in a loop that connects β-strand 24 to strand 25
of blade 6 of the propeller. The Zn2+ is coordinated in
an octahedral ligand geometry to the main-chain
oxygen atom of Glu349; to one side-chain oxygen
atom from each of Asp343, Asp345, and Asp347; and
to both side-chain oxygen atoms of Glu351. The side
chains of twoof themetal ligands,Asp345andAsp347,
are held in place by hydrogen bonds to Lys373 froman
adjacent loop. The location of the metal site and the
arrangement of the metal ligands—all from the same
loop—suggest that the function of this metal site is
structural, rather than part of a catalytic site.The third zinc binding site (Site_3) is located in the
second cupin subdomain of the bicupin domain. The
metal site is located at the bottom of the cleft formed
by theβ-sandwich, as observed inmany cupins.21 The
Zn2+ is bound to the side chains of residues His630,
His632, Glu639 and His709. A bound water molecule
completes the trigonal-bipyramidal ligand geometry
of this site. Three of the ligands are part of a variant
of the ﬁngerprints characteristic of cupin metal
binding sites, described as G(X)5HXH(X)3,4E(X)6G.
22
In AUDH, this sequence motif is modiﬁed to G(X)5-
HXH(X)6E(X)7G (metal ligands indicated in bold). The
distance between the zinc ions in Site_1 and Site_3 is
63 Å, whereas this distance is reduced to 53 Å from
Site_1 of one chain to Site_3 from the second chain in
the dimer (Fig. 2b).
In addition to the three Zn2+ sites, AUDH
contains a fourth metal binding site in the β-
propeller domain. We assigned the bound metal as
a Mg2+, based on the absence of an anomalous Zn
signal, the electron density (i.e., no remaining
difference density after reﬁnement), typical metal–
ligand distances in the range of 2.3–2.4 Å and the
composition of the ligand sphere. The B-factor of
286 Crystal Structure of AUDHthis ion when modeled as Mg2+ is consistent with
those of the neighboring protein atoms. The metal
site is located in a loop connecting β-strands 6 and
7 in blade 2 of the propeller domain. The ion is
bound in octahedral ligand geometry and coordi-
nated to side-chain oxygen atoms of Asp101,
Thr103, Asn105 and Asp109; the main-chain
oxygen of Phe107; and a water molecule.
Zn2+ is essential for catalysis by AUDH
The conversion of AF to microthecin by AUDH
is zinc dependent. Dialysis of AUDH against
10 mM 1,10-phenanthroline led to a reduction in
overall catalytic activity, with no detectable activ-
ity of the wild type (Fig. 4a). The ﬁrst step of the
reaction, the dehydration of AF to form the
reaction intermediate APM, is Zn2+ dependent,
as can be seen from a reaction trace recorded at
262 nm, the absorption maximum of APM (Fig.
4b). The crystal structure of the Zn2+-depleted
AUDH showed absence of zinc ions at Site_1 and
Site_3, also veriﬁed by electron density maps
calculated from diffraction data collected at the
Zn2+ edge, whereas the metal ion at Site_2 was
still present. Otherwise, the three-dimensional
structure of the zinc-depleted enzyme is very
similar to that of wild-type enzyme with an
r.m.s.d. of 0.60 Å, showing that structural changes
upon removal of the two zinc ions are not the
cause for loss in catalytic activity.Fig. 4. Zinc dependency of AUDH andAFOX inhibition. (a)
n.d. not detectable) and AFOX inhibited AUDH (right). Assay
type and zinc-free AUDH) or 5 mMAFOX. Formation of the pr
of microthecin. (b) Time-course monitoring formation of the rea
the product microthecin, at 230 nm as ﬁlled symbols, for w
mixtures contained 5 mM AF and 0.068 μM AUDH.Ligand binding to AUDH
Attempts to obtain crystal structures of the native
enzyme with substrate, that is, AF or glucosone and
the respective products, microthecin and cortalcer-
one, were unsuccessful. Addition of 1,5-anhydro-
fructose-oxime (AFOX), prepared by incubation of
AF with hydroxylamine,23 led to inhibition of the
enzyme (Fig. 4a), suggesting that the oxime is
unable to act as substrate for AUDH. The structure
analysis of AUDH, crystallized in the presence of
AFOX, led to an electron density map with two
prominent difference density features close to the
Site_1 and Site_3 Zn2+ (Fig. 5 and Supplementary
Fig. S1). At both sites, the reaction intermediate
APM gave the best ﬁt to the electron density with no
residual difference densities, whereas modeling as
AF, AFOX or microthecin led to unsatisfactorily
electron densities after reﬁnement for the modeled
ligands. Overall, the structure of the enzyme in the
complex is very similar to that of wild-type AUDH,
with a few small changes (see below). Superposition
of the two models gives an r.m.s.d. of 0.60 Å.
One APM molecule is bound in the active-site
channel of the β-propeller domain and interacts via
its C2 keto oxygen atom and the C3 hydroxyl group
directly (distances of 1.8 and 2.1 Å, respectively)
with Zn2+ at Site_1 (Fig. 5a). The Site_1 Zn2+ in the
AUDH–APM complex is penta-coordinated, with
three histidine ligands (His215, His295 and His337)
and two oxygen atoms of the reaction intermediate.Relative reaction rates of wild-type (left), zinc-free (middle,
mixtures contained 0.068 μM enzyme and 5 mMAF (wild-
oduct was monitored at 230 nm, the maximum absorbance
ction intermediate (APM), at 262 nm as open symbols, and
ild-type (triangles) and zinc-free (circles) AUDH. Assay
Fig. 5. APM binding to the active sites of AUDH. (a) Simulated annealing Fo−Fc omit electron density map24 of the
AUDH–AMP complex in the vicinity of the Site_1 Zn2+ in the β-propeller domain of AUDH, calculated using the program
suite PHENIX.25 The map is contoured at 1.1σ. (b) View of the same electron density map at the position of Site_3 Zn2+ in
the middle domain. Zinc ions are shown as gray spheres, and water molecules, as red spheres. Hydrogen bonds
(cutoff N3.2 Å) and zinc ion–ligand bonds are indicated by broken lines. For clarity, the loops comprising residues 265–269
and 327–334 are not shown.
287Crystal Structure of AUDHThe C2 keto oxygen atom is also within hydrogen
bonding distance to the side chains of Tyr35, His337
and Tyr414, and the C3 hydroxyl group forms
hydrogen bonds to the side chains of His155 and
His215. The C6 hydroxyl group is anchored in the
active site through hydrogen bonding interactions
with the main-chain amide of Met120 and the side
chains of Tyr116 and Tyr419. The electron density
for the side chain of Tyr419 is only well deﬁned for
the structure of the AUDH–APM complex, suggest-
ing that it becomes more ordered upon interaction
with the bound ligand.
The second APM molecule is bound in the pocket
formed in the second cupin fold of the middle
domain, adjacent to the Site_3 Zn2+. APM forms
stacking interactions with Trp619 on one side and
the side chain of His630, one of the Zn2+ ligands, on
the other side of the carbohydrate ring (Fig. 5b).
APM does not coordinate directly to the Site_3 Zn2+,but its C2 keto oxygen atom forms hydrogen bonds
to the carboxyl group of Glu639, one of the ligands
of the metal ion, and the imidazole group of
His641. The C3 hydroxyl group is within hydrogen
bonding distance to the nitrogen atom of the side
chain of Trp726. The C6 hydroxyl group is held in
place by a hydrogen bond to the main-chain
oxygen atom of Ala627. The ring oxygen atom
and the C6 hydroxyl group also form hydrogen
bonds to a water molecule.
An additional ligand complex of AUDH was
obtained upon removal of the catalytic zinc ions.
The crystal structure of the Zn2+-depleted enzyme
was determined as a complex with AF. In the
difference electron density maps, a strong density
feature was observed close to the empty Site_3 in the
active-site channel of the cupin domain (Supple-
mentary Fig. S2), which is compatible with bound
AF (Fig. 6). The binding site of AF overlaps with that
Fig. 6. Stereo view of AF binding to Zn2+-depleted AUDH. Simulated annealing Fo−Fc omit electron density map,
contoured at 1.0σ, of the Zn2+-depleted AUDH–AF complex in the vicinity of the metal binding Site_3 in the middle
domain. Hydrogen bonds (cutoff N3.2 Å) and zinc ion–ligand bonds are indicated by broken lines.
288 Crystal Structure of AUDHof APM bound at this site, with the exception that
the C2 keto oxygen atom is positioned at the location
of the zinc-bound water molecule in the APM
complex and forms hydrogen bonds to the side
chains of His630 and Glu639, ligands to the Site_3
Zn2+ in the holoenzyme. The C3 hydroxyl groups
form hydrogen bonds to the side-chain nitrogen
atoms of His641 and Trp726. The C6 hydroxyl group
is within hydrogen bonding distance to the main-
chain oxygen atom of Ala627. A second less well
deﬁned AF molecule was modeled at the surface of
the molecule, close to the interface of the cupin and
lectin domains. This ligand packs against the side
chain of Phe605 and interacts via its C2 keto group
with the side chain of Arg450 and through its C4
hydroxyl group indirectly via a water molecule with
the main-chain oxygen of Leu613. This ligand is
bound rather weakly, that is, at a lower occupancy,
as indicated by the difference in B-factors for the two
AF ligands (53 versus 35 Å2 for the AF molecule in
the active-site cleft in the cupin domain).Discussion
AUDH is a sparingly characterized bifunctional
enzyme with a unique combination of domains
involved in carbohydrate secondary metabolism in
algae and fungi.5 No structural information for a
member of this sequence family had been available so
far. A genome-wide search for related sequences
identiﬁed two sequence homologues fromAspergillus
that may have the same combination of β-propeller
and bicupin domains but lack the lectin domain
(Supplementary Fig. S3). All residues involved in
metal ion coordination, the proposed catalytic
residues and the majority of ligand binding residuesof AUDH are conserved in these two sequence
homologues, indicating a similar domain structure
with shared folds and potentially related enzymatic
activities (Fig. S3). This sequence family also contains
a few members that only consist of the N-terminal
propeller domain. Three hypothetical proteins
from the genus Actinomycetales and one each from
Planctomycetales and Aspergillus (GenBank accession
numbers 311893518, 337769780, 260907550, 87308957
and 238497780) show sequence identities of approx-
imately 24% to the N-terminal domain of AUDH and
share the same pattern of conservation of metal
binding residues and putative catalytic amino acids
as found in AUDH (Fig. S3). The conservation of the
putative active and ligand-interacting residues in
these truncated members of the family suggests a
similar catalytic activity to the N-terminal domain of
AUDH, but the biological function of these proteins is
presently unknown.
The structure analysis has revealed that AUDH
contains several metal binding sites. Based on the
locations of the Site_2 Zn2+ and the Mg2+ site in loop
regions far from the ligand binding sites, we
propose that these two metals fulﬁll structural
roles. Removal of the zinc ions in Site_1 and Site_3
resulted in a large drop in enzyme activity, both
formation of intermediate and product, demonstrat-
ing that at least one of them is required for catalysis.
The location of the two zinc sites in the interior of
ligand binding cavities and their interaction with the
bound reaction intermediate APM suggest, however,
that both are required for enzymatic activity.
The crystal structure of the AUDH–APM complex
shows binding of the reaction intermediate in two
domains as ﬁrst sphere (Site_1) and second sphere
(Site_3) ligands to the zinc ions. These observations
raise the possibility that the dehydratase and
289Crystal Structure of AUDHisomerase reactions are catalyzed at two different
sites. The existence of two active sites, implying
diffusion of the reaction intermediate from one site
to the other, would be in agreement with the
experimental ﬁnding that APM at some point leaves
the active site, giving rise to the formation of the side
product ascopyrone T, which no longer is a
substrate for the subsequent isomerization reaction
by AUDH (Fig. 1b).10
The crystal structure of the AUDH–APM complex
shows binding of the intermediate at two putative
active sites and thus might correspond to the
dehydratase–product and the isomerase– substrate
complexes (Fig. 5). The fortuitous trapping of this
complex is most likely due to the very slow turnover
of AF present as the oxime in the mother liquid over
the extended period of crystallization and to stronger
binding of APM than the product, microthecin, to the
enzyme. Informative as it is, the structure of this
complex does, however, not inform unambiguously
which of the active sites catalyzes the dehydration
and isomeration reactions, respectively.
In chemical terms, the dehydratase reaction is
more straightforward to rationalize than the
subsequent complex isomerization step. Based on
the structure of the AUDH–APM complex and
models of the AF complex obtained using the
observed binding of APM as template, we
hypothesize that dehydration occurs in Site_1 in
the β-propeller domain. Dehydration is expected
to be facilitated by acid/base catalysis, and only
in this site do we ﬁnd an appropriate set of
putative catalytic groups suitably positioned to
contribute to catalysis. In the model of bound AF
in Site_1 (Fig. 7), there are several putative active-
site residues in the vicinity (distance b 3.2 Å) ofFig. 7. Stereo view of the proposed model of the Michaeli
domain of AUDH with the substrate AF. The model was deriv
Putative hydrogen and zinc ion–ligand bonds are shown as bro
For clarity, the loops comprising residues 265–269 and 327–33the C3 carbon atom and the C4 hydroxyl group of
AF that could act in acid/base catalysis and
participate in proton transfer. The side chain of
Tyr35 is close to the C3 carbon atom, and the side
chain of Tyr116 is within hydrogen bonding
distance to the C4 hydroxyl group. A residue
that is particularly suitably positioned for proton
transfer is His155, which is located between the
C3 carbon atom and the C4 hydroxyl group of AF
(Fig. 7). The Nɛ2 nitrogen atom of the imidazole
side chain is close to the C3 carbon atom
(distance, 3 Å) and within hydrogen bonding
distance to the C4 hydroxyl group (2.7 Å). We
propose that the dehydration reaction occurs in an
elimination reaction, whereby the catalytic residue
His155 abstracts the proton at the C3 carbon atom
of AF, a step that is facilitated by the catalytic
zinc ion. Zn2+ is acting as a Lewis acid, polarizing
the C2 keto group, which in turn leads to a lower
pKa of the C3 proton. Proton abstraction leads to
an enolate intermediate that can be stabilized by
the metal ion. The proton is then transferred from
the Nɛ2 nitrogen of His155 to the C4 hydroxyl of
AF, thus creating a better leaving group. The side
chain of His155 forms a stacking interaction with
the guanidinium group of Arg156. The close
vicinity of the positive charge of this residue
ensures that His155 is not protonated at the start
of the catalytic cycle and thus can act as a
catalytic base. This mechanistic proposal for the
dehydratase reaction, characterized by the combi-
nation of a metal ion acting as a Lewis acid and
acid/base catalysis, is reminiscent of the mecha-
nism of 2-keto-3-deoxy-D-arabinonate dehydratase.
In this enzyme, unrelated to AUDH in fold and
substrate speciﬁcity, a Mg2+ polarizes a carbonyls complex of the dehydratase active site in the propeller
ed from the crystal structure of AUDH with bound APM.
ken lines, and the catalytic Zn2+ is shown as a gray sphere.
4 and the side chain of Met120 are not shown.
290 Crystal Structure of AUDHgroup of the substrate, facilitating proton abstrac-
tion at the adjacent carbon atom.26
Little is known at present about the chemical steps
of the more complex isomerization reaction, requir-
ing hydrolytic ring opening, rearrangement and ring
closure as postulated previously.10 Elucidation of
this part of the enzyme mechanism remains a
biochemical challenge. The biological signiﬁcance
of the lectin domain of AUDH is also still unclear;
however, it seems unlikely to be involved in
catalysis, due to the limited interactions with either
of the two domains harboring the active sites.
AUDH is involved in the degradation of complex
polysaccharides such as lignin, starch and glycogen.
Many lectin domains are characterized by their
ability to bind to oligosaccharides,18 and a carbo-
hydrate binding domain in addition to the two
catalytic domains could facilitate enrichment of the
enzyme at the location of substrate production.Materials and Methods
Protein production
The gene Audh; ph.chr coding for AUDH was cloned
from a P. chrysosporium cDNA library based on partial
amino acid sequences and expressed in H. polymorpha
according to a procedure described earlier.27 H. polymor-
pha strain RB11 (ura−) and the shuttle vector pFPMT121
were used with a formate dehydrogenase promoter. The
expression cassette containing Audh; ph.chr was trans-
formed into H. polymorpha by electroporation, and
transformed cells were screened for AUDH production.
Recombinant AUDH was produced intracellularly at a
yield of 1.5 g per liter fermentation.
Recombinant AUDH was puriﬁed following protocols
published previously.4,5 The puriﬁed protein was stored
in 20 mM 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol (Bistris)–HCl buffer, containing
0.2 M NaCl at pH 7.0. N-terminal sequencing of puriﬁed
AUDH was carried out with an Applied Biosystems 476A
sequencer using pulsed-liquid fast cycles.
Enzyme assays
The enzymatic activity of AUDH was assayed
spectrophotometrically at 295 K using AF as substrate
by monitoring the increase in absorbance at 230 nm, the
absorbance maximum of the ﬁnal product microthecin,
and at 262 nm, the maximum absorbance of the
reaction intermediate APM.5 Assay mixtures consisted
of 0.5–5 mM AF and 0.068 μM AUDH in 20 mM
phosphate buffer, pH 7.0, containing 0.2 M NaCl. The
enzymatic reaction was monitored for up to 60 min. Km
determinations for the substrates AF, glucosone and
xylosone were determined as described previously for
the native enzyme.6 For inhibition studies with hydrox-
ylamine, equimolar amounts of AF and hydroxylamine
were incubated for 3–4 h and added to the reaction
mixture in the concentration range of 25 μM to 5 mMand monitored as described above. Analysis of the
kinetic data and preparation of associated ﬁgures were
performed with the program Origin (OriginLab, North-
ampton, MA).
Preparation of Zn2+-free AUDH
To investigate the metal dependency of AUDH, we
dialyzed the protein solution against 150-fold excess of
20 mM phosphate buffer, pH 7.0, containing 0.2 M NaCl
and 0.1–10 mM 1,10-phenanthroline in three steps of 10 h
each. Subsequently, the protein solution was dialyzed
against the same buffer without the chelating agent in
three steps of 24 h, using the same protein buffer ratio as
above.Crystallization and data collection
Wild-type crystals were obtained by the hanging-drop
vapor diffusion method at 293 K. Aliquots of protein
solution (2 μl) in 20 mM Bistris propane buffer, pH 6.0,
containing 0.2 MNaCl at a protein concentration of 2 mg/
ml were mixed with an equal volume of reservoir solution
[0.1 M 4-morpholineethanesulfonic acid (pH 6.0), 0.2 M
MgCl2 and 16% (w/v) polyethylene glycol (PEG) 6000]
and left to equilibrate against 1 ml reservoir solution. The
crystals used for heavy metal soaking were obtained
under different conditions. A solution of AUDH (1 mg/
ml) in the same buffer as above was incubated for 1 h with
6 mM AF. Droplets of 2 μl of protein solution were mixed
with 2 μl of well solution [0.2 M NH4NO3, containing 17%
(w/v) PEG 3350] and equilibrated against 1 ml of well
solution at 293 K. Both protocols resulted in crystals with a
typical size of 0.2 mm×0.2 mm×0.4 mm after 2–4 day s.
Diffraction data for native AUDH were collected at
beam line 14:2 at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France, and from crystals of a
heavy metal derivative at beam line I911-3 at MAXlab,
Sweden. Before data collection, native crystals were
transferred into a solution of 30% glycerol in 70% well
solution, followed by ﬂash freezing in liquid nitrogen.
Single-wavelength anomalous data were collected from a
mercury derivative that had been obtained by soaking
native crystals in mother liquor containing 25% ethylene
glycol (v/v) and 10 mM HgCl2 for 10 min before transfer
into the cryo stream. A third data set was collected at
beam line ID29, ESRF, from native crystals at a wave-
length of 1.28 Å, the Zn K edge. Before data collection,
these crystals were treated as described for the native
crystals.
For the preparation of AUDH–APM crystals, the pH of
the protein buffer was changed to 7.0, and AUDH was co-
crystallized with a solution of AF and hydroxylamine,
both at 0.2 M, using a reservoir solution of 0.1 M Bistris
propane (pH 7.0), 16% (w/v) PEG 6000 and 0.2 M NaCl.
Cryoprotection was obtained using mineral oil followed
by ﬂash freezing in liquid nitrogen. X-ray data were
collected at beam line ID14:2, ESRF.
The Zn2+-depleted AUDH–AF complex was obtained
by dialysis of the protein against 10 mM 1,10-phenantro-
line, as described for the activity assay. Crystallization
was achieved by mixing equal amounts of protein and
reservoir solution of 0.1 M Bistris propane (pH 7.0), 10%
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line and subsequent equilibration against the reservoir
solution. Before data collection, the crystals were soaked
in a solution containing 0.1 M AF, 80 mM Bistris propane
(pH 7.0), 0.16 M NaCl and 13% (w/v) PEG 6000 and were
subsequently cryoprotected with mineral oil. Diffraction
data were collected at beam line BM30A (ESRF).
All diffraction data were integrated with MOSFLM and
scaled with the program SCALA from the CCP4 program
suite.28 The crystals of AUDH belong to space group
P21212 with unit cell dimensions for the native enzyme of
a=133.0 Å, b=79.7 Å and c=96.9 Å. Assuming one
molecule in the asymmetric unit, the solvent content is
calculated to be 53%. Table 1 summarizes the diffraction
data statistics for the native, derivative and ligand
complexes of AUDH.
Structure determination and refinement
The structure of AUDH was determined by single-
wavelength anomalous diffraction to 2.1 Å resolution
using a mercury derivative. Six mercury sites were
initially located by the program SOLVE.29 The parameters
of the heavy metal sites were reﬁned using Phaser.30 After
inclusion of additional minor sites and density modiﬁca-
tion with PIRATE,31 the resulting electron density map
allowed tracing of a large part of the polypeptide chain.
Iterative cycles of model building, reﬁnement with the
programs WinCoot32 and REFMAC533 and density
modiﬁcation led to the ﬁnal model of the polypeptide
chain. Randomly selected reﬂections (5%) were set apart
for calculation of Rfree. This model of the mercury-
substituted AUDH was used to solve the structure of
native AUDH by molecular replacement with the pro-
gram Phaser,30 using a data set collected on native crystals
of the enzyme. The structure of the native enzyme was
reﬁned using REFMAC5, with the addition of a few cycles
of TLS reﬁnement. Each of the three domains was treated
as a TLS group. Solvent molecules were automatically
built in a masked 2Fo−Fc density map using WinCoot.
This procedure resulted in an Rwork of 17.2% and Rfree of
21.8%, respectively. The ﬁnal model of the native enzyme
consists of residues 15–899, 3 Zn2+, 1 Mg2+, 5 glycerol and
553 water molecules. The lack of electron density for the
N-terminal amino acid residues is in part due to truncation
during protein puriﬁcation, as N-terminal sequencing of
puriﬁed AUDH samples indicated three species in about
equal amounts, the full-length species, a variant with loss
of the N-terminal methionine and a third species where
the ﬁrst six amino acids were missing. The model contains
three ﬂexible regions (Asp757–Glu760, Asp784–Pro787
and Ile871–Ala877), which are not or only weakly deﬁned
in the electron density maps, and a number of surface
residues with disordered side chains.
The structures of the AUDH complexes were deter-
mined by molecular replacement with Phaser. Reﬁne-
ment of these complexes was carried out using
REFMAC5 and followed the same procedure as above.
Before reﬁnement, 5% of the reﬂections (same as for the
native diffraction data set) were set aside for monitoring
Rfree. The reﬁnement protocol typically consisted of
several iterative rounds of reﬁnement and model
building, before any ligands were built into the electron
density map. For the APM complex, remaining differ-ence electron densities at the two active sites indicated
the presence of a bound ligand (Fig. S1), and these
densities were modeled as AF, APM, microthecin and
AFOX, respectively. Only APM shows a well-deﬁned ﬁt
to the electron density maps without resulting in
signiﬁcant remaining or lacking electron densities after
reﬁnement. For the Zn-free AF complex, the electron
density maps clearly showed the absence of the two
catalytic zinc ions, as well as density in one of the active
sites that ﬁts well with bound AF (Fig. S2).
Accession numbers
Reﬁnement and model statistics for native AUDH and
the AUDH complexes are given in Table 1. Atomic
coordinates and observed structure factor amplitudes
have been deposited with the PDB, entries 4A7K (native
AUDH), 4A7Z (AUDH–AMP complex) and 4A7Y (Zn-
free AUDH–AF complex).
The composition and size of the dimer interface were
analyzed using the PISA server at the European Bioinfor-
matics Institute.34 The database search for structural
homologues was carried out with the program Dali,35
and amino acid sequence alignments were made with
ClustalW.36 Structure-based sequence alignments were
carried out using the program WinCoot.32 Structure
ﬁgures were prepared with PyMOL.37Acknowledgements
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